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Prokaryotes (bacteria and archaea) are found in virtually every habitat imaginable on 
earth, from hot springs and deep-sea hydrothermal vents to soils and open oceans. These 
microbes form the basis of the planet’s major biogeochemical cycles, and their activities 
up through the history of the earth have had profound impacts on practically every aspect 
of its environment (1). The estimated total number of prokaryotic cells in the biosphere is 
4-6 x 1030, amounting to 3.5-5.5 x 1014 kg of cellular carbon, an amount comparable to 
that of plants, and they constitute the largest living reservoirs of nitrogen and phosphorus 
on the planet (2). Broadly stated, the scope of microbial ecology is the investigation of 
how these organisms interact with each other and the environment. 
In the course of evolution microbes have also formed many intimate relationships 
with multicellular organisms. Several species of fish, squid and jellyfish have bacteria in 
their tissues, enabling them to bioluminesce (3-5), tube worms and mussles living around 
deep water hydro-thermal vents depend on chemolithotrophic bacteria to provide them 
with nutrition (6), and the gut microflora of ruminants and termites allow these animals to 
subside on otherwise indigestible diets (7, 8). Humans also have comprehensive and 
important symbiotic relationships with bacteria, the extents of which are still not clear to 
us (9-11). 
 
Microbiota of the gastroinstestinal system 
The gastrointestinal (GI) tract of humans is home to a prolific community of bacteria. It is 
an extremely densely populated system with bacterial abundances as high as 1012 cells per 
ml of luminal content in the colon (2). Indeed, the bacterial cells in the human gut may 
outnumber human somatic and germ cells by more than one order of magnitude (12). 
According to current estimates the GI microbiota is composed of >500 species, 
depending on the criteria used for species delineation, and several thousand strains (13). 
The dominant phyla are Firmicutes and Bacteroidetes, comprising >90% of the normal 
adult human GI microbiota. Other phyla represented, in appreciable quantities, are 
Proteobacteria, Actinobacteria, Fusobacteria and Verrucomicrobia (14). Scientists are just 
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beginning to unravel the variety of important functions microbes contribute to host 
physiology, much thanks to the development of molecular methods (15) and suitable 
model systems (16). Examples of microbial contributions to host health include 
development and modulation of immunity (17-20), induction of intestinal angiogensis 
(21) and enhancement of energy metabolic capabilities (22-24). The human gut 
microbiota has also been implicated in a number of pathologies, examples of which are 
allergies (25, 26), colon cancer (27), inflammatory bowel disease (28) and obesity (29, 
30). Its importance in health issues has made the GI microflora the focus of much 
research, which has led to radical changes in how we view this ecosystem.  
 
Molecular methods in microbial ecology 
Historically, microbiological research has largely been based on pure culture studies. 
This approach imposes obvious limitations on the amount of data that may be extracted 
from environmental samples, and the realization that microbes, in general, do not exist in 
pure cultures, prompted the development of alternative, culture-independent techniques 
in microbial ecology. Drawing on the molecular phylogenetic approach taken by Carl 
Woese and coworkers in the 1970s (31, 32), in the mid 80s Norman Pace and his group 
started employing nucleic acid based methods, focusing on ribosomal RNA genes, for the 
study of microbes in environmental samples (33-35). This development was accelerated 
by the discovery and increased use of the polymerase chain reaction (PCR)(36), and the 
early 1990s saw a great number of microbial ecology publications using molecular 
techniques (37-44), leading to a vastly increased appreciation of  microbial diversity in 
the biosphere (45-48).  
 The most frequently used molecular marker for the exploration of microbial 
communities is the gene encoding the small subunit (SSU) ribosomal RNA molecule, 
also known as the 16S rRNA gene (47, 49). This gene occurs in all prokaryotic 
organisms, it has enough sequence variability to distinguish between a wide range of 
species, and it possesses conserved regions suitable for the application of universal PCR 
primers, allowing for broad range simultaneous amplification of 16S rRNA genes from 
environmental samples. 
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Most of the current molecular methods used in microbial ecology can be divided 
roughly into 3 categories, and combinations of these categories of techniques have also 
been in frequent use (50-52). 
 
1. Community fingerprinting 
Fingerprinting techniques use the differential migratory properties of DNA fragments 
during gel electrophoresis for describing microbial diversity in environmental samples. A 
few popular techniques separate PCR-amplified DNA fragments on the basis of sequence 
dissimilarities rather than length polymorphisms, producing community characteristic gel 
patterns. This can be achieved by applying denaturing gradients during one dimensional 
electrophoresis, either by the use of temperature or chemicals (53-55). A similar approach 
is single-strand-conformation polymorphism (SSCP) analysis which separates DNA 
fragments of equal size according single strand secondary structure (56, 57).  
A second group of techniques uses length polymorphisms in PCR-amplified DNA 
fragments to produce microbial community fingerprints. One popular method is terminal-
restriction fragment length polymorphism (T-RFLP) analysis, which depends on 
fluorescently 5’-end labeled 16S rRNA gene amplicons from different microbes being 
differentially digested by restriction endonucleases (58, 59). Thus, a particular sample 
will have a characteristic pattern of fluorescence peaks upon capillary electrophoresis.  
Another approach within this group is rRNA intergenic spacer analysis (RISA) 
(60, 61). This method takes advantage length polymorphisms in the spacer region 
between the 16S and 23S rRNA genes of bacteria. Like T-RFLP analysis, RISA uses 
fluorescence tagged primers for PCR, but the primers target conserved genetic regions 
adjacent to the spacers. Similarly to T-RFLP analysis this produces a community specific 
peak pattern upon electrophoresis. RISA is also amenable to automation. 
 
2. Hybridization-based techniques 
Some techniques in microbial community analysis use hybridization between 
homologous DNA sequences in order to identify and enumerate microbes in community 
settings. These techniques have the advantage of providing a possibility for skipping the 
initial step of PCR amplification. Fluorescence in situ hybridization (FISH) uses labeled 
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DNA probes with a certain amount of taxonomic specificity in order to visualize the 
distribution of, as well as to quantify, one or more groups of microbes in complex 
communities (62-64).  
DNA microarrays found their way into microbial ecology in the mid 90s (65), and 
the popularity of this approach has been steadily increasing (66). This technology offers 
the possibility of investigating both microbial diversity and abundance, using 
phylogenetic oligonucleotide arrays (52, 67). However, microarrays have also been used 
as functional gene arrays (FGAs) in order to detect certain metabolic pathways in 
environmental samples (68, 69). 
 
3. DNA sequencing techniques 
The perhaps most widely used technique in microbial ecology has been sequencing of 
environmental clone libraries. The traditional target for such studies has been PCR-
amplified 16S rRNA genes. This was the approach first taken in the early 90s, and it has 
since been applied to a large variety of microbial ecosystems (14, 70-76).  
Since its invention in the mid 70s, Frederick Sanger’s chain termination method 
(74) has been the dominant DNA sequencing technology. Further development of this 
methodology (77, 78), along with the development of techniques allowing for large 
fragment cloning, such as bacterial artificial chromosome (BAC) vectors (79-81), set the 
stage for environmental genomics science, also known as metagenomics. This approach 
allows researchers to describe not only the phylogenetic diversity of microbes in natural 
environments, but also the genetic and metabolic diversity, without the need for prior 
cultivation (81-86). 
The implementation of more recent technologies has vastly reduced the costs of 
DNA sequencing, while achieving equally vast increases in throughput (87-90). For 
example, emulsion PCR coupled with massively-parallel pyrosequencing, as 
implemented in the 454 sequencing technology, allows for the extremely rapid 
determination of microbial genome size DNA sequences (88). Although single sequence 
reads are shorter than for traditional Sanger sequencing, such technologies have been 




Ecological theory in microbial ecology 
Understanding how ecological principles operate to determine the structure and function 
of microbial systems presents a great challenge to microbiologists and ecologists alike. 
Given the huge numbers and diversity of microorganisms in the biosphere, the pivotal 
roles these organisms play in shaping the earth’s environment, and their medical 
importance, this knowledge is of potentially great value. An important step towards 
expanding our knowledge of microbial community ecology is the implementation of 
ecological theory in this type of research. The bulk of the comprehensive body of 
ecological theory currently in existence has been developed by general ecologists using 
observations of more familiar animal and plant systems (94). Some studies of microbial 
systems, like the works of Gause in the 1930s (95, 96), have contributed to the 
development of some of the basic tenets in theoretical ecology, but in general, microbial 
systems have not been popular objects for ecological studies (97). This can, at least in 
part, be attributed to the difficulties inherent in observing microbes in complex systems, 
making collection of quantitative population data quite hard. However, there has also 
been a historical divide between the fields of general and microbial ecology, and in spite 
of their seemingly common goals, they have developed more or less independently of one 
another. Thus, much of the existing ecological theory has yet to be implemented in a 
microbial context (98). The traditional approach to microbiology has very much been one 
of reductionism, focusing mainly on the detailed description of physiological 
mechanisms. A trend toward descriptive studies can also be seen in microbial ecology, a 
development which has been greatly facilitated by the availability of cultivation-
independent methods (8, 14, 54, 58, 71, 75, 76, 91, 93, 99). While having their own 
scientific merit, general ecological aspects are often lost from such studies. Providing 
snapshots of microbial community phylogenetic and metabolic structures, they tend to 
neglect fundamental community phenomena like temporal dynamics, species interactions 
and system stability. Such phenomena have long been major focus areas in general 
ecology, and by combining modern molecular techniques with existing ecological 
methods, researchers should now be able to address similar questions in microbial 
ecology. 
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As model systems for ecological studies microcosms also have a lot to offer. The 
short generation times of microbes facilitate data collection on time scales that are of 
evolutionary relevance, providing a unique opportunity for the investigation of interplay 
between ecology and evolution (100-102). Furthermore, laboratory systems provide 
researchers with a high degree of control and the ability to manipulate experimental 
conditions. The wealth of knowledge of microbial genetics and physiology, as well as the 
amenability of many microbes to genetic engineering, also contribute to making 
microbial communities attractive model systems. This has become increasingly more 
appreciated in the scientific community, and recently microbial systems have been used 
for the investigation of behavioral ecology (103-105), population dynamics (106, 107) 
and the relationship between community composition and function (108). 
 
Objectives of this thesis 
A much used approach to population dynamic studies is the analysis of abundance time 
series (109, 110). Temporal population data are, however, a scarce resource in 
microbiological science, and even though various culture-independent techniques may be 
useful for collecting this sort of data, in general, such methods can often be intensive in 
terms of cost and workload, or they may have poor quantitative properties. Especially in 
the case of microbes, the temporal scale on which ecological phenomena may be 
expected to occur necessitates frequent enumeration of the various sub-populations 
within a community. An explicit goal of the work presented in this thesis was the 
development of a quick and inexpensive method for simultaneous abundance monitoring 
of several bacterial species or strains in an experimental community setting.  
A second objective of this study was the collection and analysis of bacterial time series 
data, within a general ecological framework. This part of the work had a specific focus on 
bacteria residing in the gastrointestinal tract of animals, using different experimental 
approaches. Due their importance in health issues these microbes have been the objects of 
intensive study, yet very little is known about how the community structure of the gut 
microflora is influenced by bacterial population dynamic phenomena.     
         Two bacterial species have received special attention in the experiments presented 
here. Campylobacter jejuni is the globally dominant cause of food-borne diarrhoeal 
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disease, frequently entering the food-chain through infected poultry meat (111, 112). 
Clostridium perfringens is a bacterium which is often part of the normal human gut 
microbiota. It is also a notorious pathogen, causing diseases like gas gangrene, necrotic 
enteritis and diarrhoeal food-poisoning (113, 114), as well as being implicated in sudden 




Direct DNA sequencing of genetic mixtures 
Sanger sequencing of DNA using fluorescence labeled terminator nucleotides produces 
characteristic emission spectra, called electropherograms, from which the DNA 
sequences can be deduced. Prior to fluorescence labeling, the target genetic region is 
often amplified by PCR. If the target gene is sufficiently conserved, such as the bacterial 
16S rRNA gene, PCR primers may be designed so that they amplify across a broad 
taxonomic range, producing a mixture of amplicons. When such a mixture is used as 
template for a chain termination fluorescence labeling PCR, and the resulting product run 
through a sequencing apparatus, multiple fluorescence peaks will be produced in the 
electropherogram at polymorphic nucleotide positions. Such an electropherogram 
contains quantitative information about the different DNA species contributing to the 
complex spectrum. As is shown in paper I, this information can be extracted using 
multivariate statistical techniques. 
 
Multivariate analysis of complex electropherograms 
A regular DNA sequence electropherogram contains a large number of varibles (typically 
several thousand fluorescence readings for a sequence of 100 nucleotides). In order to 
analyze data of this kind special statistical tools are needed. We developed two separate, 
but related approaches for the quantitative analysis of complex DNA sequence 
electropherograms.  
Using multiple linear regression (MLR) according to the linear mixture model 
(117), a complex spectrum is modeled as a linear combination of its constituent pure 
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spectra (unit spectra). The coefficients estimated from this regression are then interpreted 
as the relative abundances of the species contributing to the mixture.  
The second approach uses partial least squares regression (PLSR) for predicting 
species abundances from complex electropherograms. This is a data compression 
technique which is based on extracting latent variables from large data sets (117). The 
use of orthogonal latent variables effectively eliminates the problem of near collinearity 
which is often encountered in spectral data (118), and the PLSR algorithm is such that the 
extracted variables are optimal for quantitative prediction. 
 
Experimental systems 
We used three different experimental systems for producing bacterial community time 
series data, using the methods described in paper I.  
In paper II, we took an in vivo approach to the investigation of multiple strain 
C.jejuni infections, using broiler chickens as an infection model. Estimation of relative 
strain abundances was coupled with the determination of total C.jejuni loads by real-time 
PCR, and the experimental design included groups of chickens with spontaneous or 
induced background gut microfloras. 
In paper III, we used a batch culture fermentation setup, with three species of 
common gut bacteria. In this experiment, collection of close interval time series data was 
coupled with on-line monitoring of the chemical environment in the culture by Fourier-
transform infrared (FT-IR) spectroscopy. 
In paper IV, we used a chemostat with four species of gut bacteria, including 
C.perfringens, growing together under low dilution rates with fresh medium. Relative 
species abundances were surveyed on an hourly basis, and pH and reduction potential in 
the growth chamber were logged continuously. Total bacterial abundance was 
represented as optical densities at 600nm. 
 
Time series analysis 
The experimental procedure used in paper II did not result in time series data in the strict 
sense, since the chickens were slaughtered prior to sampling of caecal material for 
determination of C.jejuni abundances. The samples were, however, collected sequentially 
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from different chickens over a period several weeks, and samples taken at different time 
points and from different experimental groups, and strain compositions were compared 
using classical statistical methods. 
 The time series from the in vitro community experiments were analyzed using 
generalized additive models (GAMs), as implemented I the R package ‘mgcv’ (119, 120). 
This is a non-parametric regression technique which does not require an a priori 
specification of the functional form between response and predictor variables. The GAM 
procedure consists of fitting smooth additive functions to each covariate term included in 
the model structure, with the smooth functions being weighted sums of basis cubic spline 
functions. The weights are chosen according to the generalized cross validation (GCV) 
criterion (119), which balances model fit with model complexity. This technique is well 
suited for modeling nonlinear relationships, and has often been used in the analysis of 
ecological time series (121-124).  
 
RESULTS AND DISCUSSION 
An initial objective of this study was the development of a high-throughput methodology 
for easy quantification of multiple microbial species or strains in complex experimental 
samples. The direct sequencing approach requires, besides a robust and unbiased DNA 
extraction protocol (125, 126), only PCR amplification with a suitable primer set, 
followed by standard Sanger DNA sequencing. Multivariate statistical analysis, with 
methodologies borrowed from chemometric science, was shown to be effective and 
accurate for determining relative abundances of genotypes in mixed species samples. The 
two different analytical approaches (MLR and PLSR) were both found to perform very 
well. The MLR approach has the advantage of not requiring any prior calibration of a 
prediction model, making it quite fast and easy to implement. It does, however, 
presuppose a linear relationship between the complex electropherogram and the 
corresponding unit spectra, and this presupposition should be validated for any given 
experimental setting. For computing a PLSR prediction model, calibration data, in the 
form of a designed set of known mixtures, are needed. Thus, this method involves some 
additional labor relative to the MLR approach. It does, however, tend to give more 
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accurate predictions, accommodating nonlinearities in the relationship between the 
complex electropherograms and relative species abundances. 
 The methods described in paper I can, in principle, be applied to any defined 
mixture of DNA molecules, provided that the different species in the mixture can be 
sequenced with a common, unbiased primer. However, there are special considerations to 
be taken in the PCR step intermediate between DNA extraction and sequencing. When 
amplifying a target gene from a mixed template sample, the quantitative relationship 
between the amplified fragments will only be representative of the initial sample if 
amplification efficiency is the same for all genotypes present. PCR amplification bias 
may be introduced by factors such as differential primer specificity (127), template ratios 
and number of PCR cycles (128), target gene copy number and genome size (129). Such 
pitfalls need to be considered when performing mixed template PCRs.  
The direct sequencing/multivariate analysis method described above was used for 
data collection in three different experimental settings, illustrating applications of the 
methodology. 
 Paper II describes the co-infection kinetics of seven C.jejuni strains in a chicken 
model. Enumeration of the different strains was carried out, in replicates, from cecal 
material at six time points over the course of 36 days. Quantification was done using the 
MLR approach on the citrate synthase (gltA) gene, which is strain polymorphic in 
C.jejuni. Half of the chickens had been treated with a preparation of mature chicken gut 
microflora (Broilact). This treatment was found to have a pronounced effect on the 
establishment of the microflora in treated vs. non-treated birds. It was, however, not 
found to have a significant effect on the course of C.jejuni infections. Two strains were 
found to be dominantly invasive, and these were the same across the two treatment 
groups. Furthermore, in both treatment groups we observed an abrupt shift in 
predominance of the two strains, and this shift occurred significantly earlier in treated 
birds. The developed hypothesis stated that, in analogy to a model developed for the 
Plasmodium parasite (130, 131), the infection dynamics are determined by the host 
through adaptive immune responses. In this model, the host launches a strong, specific 
immune response against a dominant infecting strain, while the same response suppresses 
the other infecting strains in a less specific manner. When the immune response causes 
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the dominant strain to collapse, inter-strain competition is temporarily relaxed, allowing 
the outgrowth of a secondary strain, against which a specific immune response does not 
yet exist.  
The description of C.jejuni co-infections demonstrates the application of the 
direct sequencing/multivariate analysis approach on an in vivo system, against a very 
complex background microflora. This illustrates the point that the methodology can be 
used to look at any organismal group, at the taxonomic level of interest, as long as 
pertinent genetic markers exist, allowing the relevant DNA sequence information to be 
separated from the background. 
In papers III and IV we used in vitro systems in order to look at interactions 
between members of the gastrointestinal microbiota. Temporal population data were, in 
both cases, collected by application of the direct sequencing/multivariate analysis 
approach, using PLSR models. Since these experiments involved species belonging to 
distantly related lineages, we used the 16S rRNA gene as a marker for quantification at 
the species level. 
 Paper III illustrates the use of time series analysis on data from a 3 species 
(Escherichia coli, Bacteroides uniformis and Lactobacillus salivarius) system in a batch 
culture. We fitted GAMs to each series of population data from 30 hours of fermentative 
growth, including pH as a covariate in the models. This approach allowed us to relate the 
growth of each species to relative population abundance data and pH at consecutive time 
points, providing a description of dynamics and interactions in the system. Interpretation 
was aided by the availability of chemical data from the co-culture, as measured by on-
line FT-IR spectroscopy. These data supplied us with information on changing ratios of 
primary fermentative metabolites in the growth chamber. We were able to identify and 
describe interactions both within and between species, demonstrating that extensive 
dynamics may be detected in short term mixed bacterial cultures. Our approach also 
demonstrated the usefulness of taking an ecological approach to bacterial community 
analysis, and that such communities may be analyzed within the same conceptual 
framework as plant and animal systems. 
In paper IV we used a chemostat in order to study a four species system of gut 
bacteria. The bacterial species were selected to represent main divisions of the human 
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gastrointestinal microflora. The human distal gut has been found to be dominated by the 
phyla Firmicutes and Bacteroidetes (14), which, in our system, were represented by 
Clostridium perfringens and Bacteroides thetaiotaomicron, respectively. The 
Actinobacteria and Proteobacteria, two other bacterial divisions found in the human GI 
tract, were represented by Bifidobacterium longum and Escherichia coli, respectively. 
B.thetaiotaomicron is the most predominant species in the human gut (14), and it is a 
symbiont providing several important physiological functions to its host (132, 133). 
C.perfringens is a widespread and potentially lethal pathogen commonly found in the 
human gut microbiota (114). These two species were also found to dominate in our 
experimental chemostat system, with E.coli and B.longum occurring at much lower 
densities. The fact that this simple model system spontaneously adopted a community 
structure similar to that of the adult human distal gut, at the division level, suggests the 
possibility that inter-bacterial interactions may play a role in establishing the mature GI 
microflora. We analyzed 80 hours of time series data from the chemostat by fitting 
GAMs to each population series. This analysis identified a network of interactions, 
showing that B.thetaiotaomicron was a key species in the regulation of the system’s 
dynamic structure. In particular, B.thetaiotaomicron was found to check the growth of 
C.perfringens. During this experiment pH and RedOx potential were also included as 
covariates in the time series analysis, and the results suggested ways in which these 
parameters could be used for manipulating the system, including the prevalence of 
C.perfringens.  
In infants of less than one year of age the colonization of the intestinal system is 
seemingly chaotic in terms of composition at the division level (52), and it is likely that 
host selection plays a lesser role in shaping the early gut microflora due to the absence of 
a mature immune system. Thus, the dynamics of the infant gut microbiota may, to a 
larger extent, be dictated by intrinsic mechanisms. Toxigenic C.perfringens have been 
implicated in infant mortality as the causative agent of SIDS (115, 116, 134). The 
ecological approach to gut bacterial community analysis allowed us to identify the kinds 
of interactions that contribute to shaping the structural dynamics of experimental systems, 
be that intrinsic, density-dependent interactions, or environmental interactions. This type 
of knowledge could be used to control complex microbial systems, like that of the infant 
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gut, leading to prevention strategies against diseases like SIDS, and the promotion of a 
healthy and stable GI microbiota. 
 
FUTURE PERSPECTIVES 
We have developed a complete methodology for the analysis of community dynamics in 
experimental microbial systems, drawing on techniques from microbiology, molecular 
genetics, chemometrics and general ecology. Microbial ecology is a scientific discipline 
in which integrated approaches are very much required. General ecological theory and 
methodology has traditionally not played a prominent role in microbial ecology, but this 
trend is starting to change (135), giving great promise for future discoveries. 
 
Ecological control of the gut microflora 
The manipulation of the gastrointestinal microbiota has been attempted both in humans 
and animals using probiotic agents that presumably confer health benefits upon the 
recipient (136-139), e.g. through the principle of competitive exclusion (140, 141). A 
more advanced knowledge of interactions between gut bacteria, as well as between the 
normal gut flora and opportunist pathogenic colonizers, should lead to a more guided 
approach toward the development of strategies for manipulating this system. The results 
presented in paper IV point towards such an approach, where the manipulation of 
chemical parameters may be used to hamper the competitive ability of C.perfringens, 
either directly or through promoting the growth of an innocuous competing species. This 
should be tried experimentally using both in vitro and in vivo systems. 
 
Co-infection dynamics 
The extent to which pathogens colonize susceptible hosts as multiple strain/species 
consortia is not known, but it seems likely that this is not an uncommon scenario (142-
151). Such infections may lead to within-host infections dynamics determined by density-
dependent interactions between the pathogenic strains/species, as well as density-
dependent regulation of the pathogen population as a whole elicited by cross-immunity. 
This mechanism has been proposed for infections with malaria parasites (131), and as 
shown in paper II, co-infections with multiple C.jejuni strains in chickens show a 
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dynamic pattern commensurable with this model. One implication of this hypothesis is 
that vaccines or drug therapies neglecting to target all pathogenic strains or species 
present in co-infections may relax density-dependent regulation of the parasite 
population, allowing minority sub-populations to expand. Thus, we need to know more 
about co-infection dynamics across a wide range of pathogens in order to device more 
effective prevention and therapeutic strategies. The methods presented here provide a 
possible platform for such studies. 
 
Microbial ecology and environmental management 
The realization that only a tiny proportion of the worlds microbes have been described, 
and that these microbes constitute a key factor in shaping the earth’s environment (1, 48, 
152) has led to an increased appreciation of the fact that natural bacterial communities are 
relatively poorly understood in terms of their ecology. Consequently there is a need for 
increased knowledge of the specific roles of individual microbial taxa and how their 
interactions with one another work to determine their collective effects on the 
environment (153). For example, it has been demonstrated that species richness and 
synergistic interactions are important in determining the environmental services that a 
bacterial community can provide (108). An important step towards relating bacterial 
community structure and function to environmental processes, is an increased 
understanding of temporal aspects of their interactions. A way of achieving this is 
through the analysis of time series data pertaining both to abiotic and biotic variables. 
Molecular tools now provide researchers with unprecedented opportunities for surveying 
changes in microbial communities on various time scales. Ecological analysis of such 
data, similarly to the approaches demonstrated in this thesis, should yield important new 
insights into the interplay between the microbial world and the earth’s environment, 
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